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  In this study we investigate the magnetic properties of Fe-based amorphous thin films.  
Fe1-x-y-zBxSiyCz, Fe80-xNixB20, Fe80-xMnxB20, and Fe73-xMnxB27 films were deposited on silicon 
and glass substrates in a DC and RF magnetron sputtering system.  Inductive magnetic 
measurements were performed to investigate the magnetic properties, including induced 
anisotropy and magnetostriction, of the as-deposited and annealed films using an M-H Looper.  
The chemical composition of the films was characterized using secondary ion mass spectroscopy 
(SIMS).  The physical thickness of the films was determined by use of a stylus profilometer.   
The M-H Looper studies indicated that the induced anisotropy (Hk) depends strongly on 
the nickel concentration as well as on the annealing conditions, specifically the time and 
temperature of the annealing process.  For the same metalloid concentration, the induced 
anisotropy has a maximum as a function of Ni.  For the same nickel concentration and annealing 
time, it was found that the value of Hk decreases with the increase in annealing temperature.  For 
each composition studied, low temperature long time annealing showed a higher value of Hk 
compared to high temperature short time annealing.  From the magnetostriction values of Fe80-
xNixB20 alloys, it was found that the sputter deposited films show similar trend but differ in 
magnitude when compared with ribbon samples.  The magnetostriction of annealed thin films is 
found to be representative of ribbon samples.  A potential composition modification to improve 
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CHAPTER : 1 INTRODUCTION 
The amorphous magnetic alloys are studied extensively because of their growing 
application in the field of electronic article surveillance (EAS).  EAS is the process of employing 
a marker or tag which is affixed to an article to be protected against theft, such as merchandise in 
a store.  When the articles are purchased, either the marker is removed from the article or is 
deactivated.  EAS requires a detection arrangement, generally placed near the exit from an area 
to be secured, and if an activated marker passes through the detection system, the system is 
alerted.  There are several types of EAS systems, harmonic, and magnetomechanical to name a 
few, which are present in the commercial environment.  In EAS, particularly in the field of 
magnetomechanical surveillance systems, the marker of interest often consists of a small strip of 
amorphous magnetic alloy, and alloys with a relatively low cobalt content, or that are cobalt-free, 
are preferred for low cost[1].  The material used to make the resonator must have mechanical 
properties which allow the resonator material to be processed in bulk, usually involving a 
thermal treatment (annealing) in order to set the magnetic properties.  Since the amorphous alloy 
is cast as a continuous ribbon and the annealed ribbon is cut into small strips, the material must 
not be overly brittle and its magnetic properties (once set by the annealing process) must not be 
altered or degraded by cutting the material. 
The resonator properties, such as resonant frequency, the amplitude, or the ring-down 
time, are largely determined by the saturation magnetostriction and the strength of the induced 
anisotropy and both of these quantities strongly depend on the alloy composition [2, 3, 4].  The 
induced anisotropy additionally depends on the annealing conditions, i.e., on annealing time and 
temperature and a tensile stress applied during annealing [5].  It is known that [2, 6, 7] a tensile 
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stress applied during annealing can induce magnetic anisotropy.  The magnitude of this 
anisotropy is proportional to the magnitude of the applied stress and depends on the annealing 
temperature, the annealing time and the alloy composition. 
For proper function of the marker, a semi-hard magnetic bias strip is used.  This strip is 
magnetized along the longitudinal direction, in order to provide a DC magnetic field of about 6.5 
Oe to the active strip.  To deactivate, the 6.5 Oe effective bias field must be removed.  This can 
be achieved by various methods including AC demagnetization, and inducing a fixed magnetic 
pattern in the bias strip by contact with a permanent magnet array.  The need for a linear loop 
with high anisotropy and lower manufacturing cost motivated us to investigate the magnetic 
properties, such as saturated magnetostriction, induced anisotropy, and effect of annealing of 
sputter deposited cobalt-free Fe based amorphous alloys for resonator application.   
2 
CHAPTER : 2 LITERATURE REVIEW 
Amorphous alloys are produced by non equilibrium processing, mostly by rapid 
solidification from a melt [8].  Rapid solidification precludes the development of long-range 
crystalline and chemical order in the alloy.  In order to prevent the formation of long range order, 
it is generally necessary to alloy the metallic elements with metalloids such as boron, carbon, 
silicon, or phosphorous.  The absence of long range order leaves these alloys free from 
microstructure such as grain boundaries, precipitates, or phase segregation, and structural defects 
such as vacancies or dislocation.   
Essentially, all the successful methods for fabrication of amorphous metals remove heat 
from the molten alloy at a rate that is fast enough to prevent crystallization of the melt.  Thus, 
certain metallic alloys can be rendered amorphous by thin film deposition techniques such as 
sputtering, or by melt spinning, splat quenching, or gas atomization of fine particles.  The critical 
cooling rate required to form the glassy state can be reduced by the choice of a composition 
which crystallizes slowly. 
Amorphous alloys of magnetic interest are based either on 3d transition metals (T) or on 
rare-earth metals (R).  In the first case, the alloy can be stabilized in the amorphous state with the 
use of glass forming elements or metalloids (M), such as boron, phosphorous, and silicon: T1-
xMx, with approximately 15 < x < 30.  The late transition metals (TL = Fe, Co, Ni) can be 
stabilized in the amorphous state by alloying with early transition metals (TE) of 4d or 5d 
type(Zr ,Nb, Hf), with x approximately in the range 5 to 15 percent .  Rare earth metals can be 
stabilized by alloying with transition metals and metalloids: R1-x-yTxMy with x in the approximate 
range 10 to 25 percent and y from 0 to 10 percent [8].  Amorphous alloys have potential 
3 
application in all types of magnetic devices, in both the electronic and power areas of application 
[9].  There have been some indications that the magnetic moments per transition metal atom and 
the Curie temperatures are somewhat lower than in the corresponding crystalline alloys [10].   
This chapter describes some of the fundamental and technical magnetic properties that 
characterize amorphous magnetic alloys.  Before that some basics of magnetism are given. 
The spin of an electron combined with its orbital angular momentum results in a 
magnetic dipole moment and creates a magnetic field.  Magnetization is defined as the amount of 
magnetic moment per unit volume.  Ferromagnetic materials are characterized by atoms with 
partially filled shells (e.g., unpaired spins) and hence experience a net magnetic moment in the 
absence of an external field.  In other types of materials, magnetization is induced only when an 
external magnetic field is present.   
The figure 2.1 shows a magnetization curve in terms of magnetization (M) and magnetic 
field (H).  In the demagnetized state (not shown) M=0, H=0.  From any initial state it can be 
observed that M continues to increase with H and when all the domains are aligned in the field 
direction then it called saturation magnetization (Ms).  If H is reduced to zero after saturation has 
been reached in the positive direction, the magnetization will decrease from Ms to Mr, called the 
retentivity or residual magnetization.  If the applied field is then reversed, the magnetization will 
decrease to zero when the negative applied field equals the coercivity Hc.  If the reversed field is 
further increased, saturation in the reverse direction will be reached at –Ms.  If the field is then 
reduced to zero and applied in the original direction, the induction will follow the curve -Ms, -Mr, 











Figure 2.1 Hysteresis loop 
The shape of the hysteresis loop will vary with the applied field direction.  The easy axis 
is the direction of easy magnetization, i.e., the direction of spontaneous domain magnetization in 
the demagnetized state.  If a weak field is applied in easy direction, the domain will grow in 
volume by the domain-wall motion and continuing the field application will lead to saturation 
magnetization.  On the other hand, the hard axis is perpendicular to easy axis.  Magnetic domains 
are aligned perpendicular to this axis.  The magnetization in this direction requires higher field as 
the domain rotation occurs in a fairly high field.  In this case the applied field must do work 


















against the anisotropy force to turn the magnetization vector away from the easy direction.  A 
























 Due to domain rotation 
 Due to domain wall motion
Hk
 
Figure 2.2 The typical easy and hard axis loop. 
 2.1 Coercivity 
The reverse field needed to restore induction to zero is called the coercivity, Hc.  It 
indicates the resistance to demagnetization.  The field needed to restore magnetization to zero is 
called the intrinsic coercivity iHc   The difference between Hc and iHc is of importance only in 
permanent magnets because in a soft magnetic material Hc<< M leads to M=0 for the same field 
that gives B=0 [8].  The domain wall motion is impeded by defects such as vacancies, 
dislocations and grain boundaries.  Domain wall pinning by physical defects increases the 
coercivity.  When the coercive field of a ferromagnet is large, the material is said to be a hard or 
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permanent magnet.  Permanent magnets find application in electric motors, magnetic recording 
media (e.g. hard drives, floppy disks, or magnet tape) and magnetic separation.  A ferromagnet 
with a low coercive field is said to be soft and may be used in microwave devices, magnetic 
shielding, transformers or recording heads.  Amorphous alloys are homogenous and due to the 
absence of grain boundaries contain less defects.  As the domain walls are wide and defects are 
narrow in amorphous alloys, the pinning is less and very low Hc can be obtained. 
 2.2 Saturation Magnetization 
Saturation magnetization is accomplished when all the domains are aligned in same 
direction.  Saturation magnetization (Ms) values have been reported for a large number of 
ferromagnetic alloys.  In Fe-B binary amorphous alloys, as the Fe content increases the 
saturation magnetization (Ms) values increases and the highest value of Ms at room temperature 
was found for Fe80B20 alloy.  Beyond 80 percent Fe, Ms starts decreasing because of the rapidly 
decreasing Curie temperature (Tc) [11].  Researchers [12] have investigated the effect of addition 
or substitution of any element on Tc and Ms, and it was reported that both Ni and Co will raise Tc 
but Ni will decrease Ms.  Some results are shown in the figure 2.3[13].  Tc can also be raised by 




Figure 2.3  Saturation magnetization variation, plotted as a function of Fe/ Ni ratio 
 2.3 Curie Temperature 
As the temperature increases, thermal oscillation or entropy, competes with the 
ferromagnetic tendency for dipoles to align.  When the temperature rises beyond a certain point, 
called the Curie temperature, there is a second-order phase transition and the system can no 
longer maintain a spontaneous magnetization, although it still responds paramagnetically to an 
external field. 
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Figure 2.4 [13] shows the measured values of the Curie temperature for Fe-Ni amorphous 
alloys.  It can be observed that as Fe is replaced by Ni, Tc increases slightly or remains constant 
at a Fe/Ni ratio of 1 or slightly greater, and then decreases approximately linearly to zero when 
Ni is the only metal[13].  Luborsky et al [14] carried out measurement of saturation 
magnetization and Curie temperature of amorphous alloys of iron with the following metalloids: 
B, Al, Ga, C, Si, Ge, and P, taken singly or severally.  In general as the total metalloid content 




Figure 2.4 Variation of Curie temperatures with Fe/Ni ratio 
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 2.4 Magnetic anisotropy 
The preference of magnetization to lie in a particular direction is called magnetic 
anisotropy.  There are several types of anisotropy namely, crystal anisotropy, shape anisotropy, 
stress anisotropy, anisotropy induced by magnetic annealing, and exchange anisotropy.  Among 
these, crystal anisotropy is intrinsic and the rest are induced anisotropy.  Crystal anisotropy is 
due to spin-orbit coupling.  When an external field is tried to reorient the spin of an electron, the 
orbit of that electron also tends to reorient.  But the orbit is strongly couple with lattice and as a 
result it resists the rotation of spin.  The energy required to rotate the spin away from the easy 
axis, called anisotropy energy, is the energy required to overcome the spin-orbit coupling. 
The field required to do work against the anisotropy force to turn the magnetization vector 
away from easy direction, called anisotropy field (Hk) and the energy necessary to deflect the 
magnetic moment in a single crystal from the easy to the hard direction is called anisotropy 




Magnetic anisotropy due to long range crystalline order is not present in amorphous alloys.  
However local atomic order of amorphous alloys contributes to random anisotropy.  By applying 
external magnetic field, the local atomic order can be biased to a small degree of directional 
order.  The anisotropy can be induced by field annealing.  If a material is annealed below its 
Curie temperature but high enough so that thermal motion of the atoms result in slight biasing of 
local atomic order toward an atomic configuration that is more stable with respect to the local 
direction of magnetization.  If a field is applied during annealing, then the local atomic 
arrangement may result in a long range correlation of the bond direction with the magnetization 
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direction.  The metalloid plays an important role because of their high mobility and strong 
interaction with transition metals.  Luborsky and Walter [15] reported the magnetic anneal 






















Figure 2.5 Variation of anisotropy field with nickel concentration 
 2.5 Magnetostriction 
Magnetostriction is change in dimension when a ferromagnetic material is exposed to a 
magnetic field. There are different types of magnetostriction, such as longitudinal 
magnetostriction, forced magnetostriction and volume magnetostriction. Longitudinal 
magnetostriction is the anisotropic strain that accompanies a change in the direction of 
magnetization and it occurs during domain rotation.  When technical saturation is reached, all the 
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domains are aligned in one direction and a further increase in field causes forced 
magnetostriction.  The longitudinal, forced magnetostriction strain is a consequence of a small 
volume change occurring at fields beyond saturation and is called volume magnetostriction.  The 
effect of forced and volume magnetostriction is very small in general and hence is not 
considered.  Inverse magnetostriction exerts a torque on the magnetization in response to a strain.  
As magnetostriction couples magnetic and elastic properties in a material, it provides an 
important connection between performance and processing, i.e., the magnetic response to a field 
and to processing-induced strains, internal strains associated with defects, and external strains 
imposed by the form and packaging of the material.  Magnetostriction gives rise to a strain-
induced anisotropy energy which, for an otherwise isotropic magnetic material is expressed in 
the form Ks=3λσ/2 where λ is the magnetostriction coefficient and σ is the stress.  The value of λ 
measured at magnetic saturation is called the saturation magnetostriction λs, and when the word, 
“magnetostriction”  is used without qualification then its meaning is  λs [8] 
The magnetostriction of Fe-B amorphous alloys have been studied by several authors and a 
maximum in λs vs. boron content has been observed [16, 17, 18].  However there are 
discrepancies in reported data regarding the maximum value of λs and the position of the 
maximum.  The position of maximum varies between 80 and 83 percent Fe and the λs value 
ranges from 36 to 42 ppm [16, 17, 18].  Jagielinski [19] reported that the FexSi90-xB10 alloys have 
much higher magnetostriction than Fe-B alloys of same Fe content.  So he concluded that 
addition of Si increases the saturation magnetostriction.  O’Handley[20] investigated the 
magnetostriction of metallic glasses and reported that the saturation magnetostriction(λs) 
decreases monotonically from its value at Fe80B20, with an increase in nickel concentration for 




Figure 2.6 Saturation magnetostriction plotted as a function of Fe/Ni ratio 
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CHAPTER : 3 METHODOLOGY 
The need for a linear loop with high anisotropy and lower manufacturing cost motivated 
us to investigate the magnetic properties such as saturated magnetostriction, induced anisotropy, 
and effect of annealing of sputter deposited Fe based amorphous alloys for resonator application.  
This section describes the brief overview of the instruments that were used for this work.  This 
section also describes the different experiments which were performed to achieve the goal.  
































 3.1 Characterization Instruments 
 3.1.1 Sputtering Overview 
Sputtering deposition is the technique which uses sputtering, a surface kinetic 
phenomena, to deposit thin films.  Sputtering is the phenomenon in which incident energetic 
particles bombard the surface of a material (target) causing the material to eject an atom.  In 
sputtering deposition, the ejected particles of the target then condense on substrate and as the 
particles accumulate on the substrate, they grow into a thin continuous layer called a thin film.  
Sputter deposition sources (also called sputter “guns”) create a low pressure plasma by the 
excitation of an inert gas (typically argon) contained at 1 to 30 millitorr in a vacuum chamber.  
This process extracts energetic ions which accelerate toward the cathode target, striking it with 
kinetic energy up to several hundred eV.  The gained energy enables the target atom to collide 
and transfer energy to other target atoms; eventually, there may be one target atom being 
knocked out of the target.  However it is important to note that only ions with energy exceeding 
the threshold energy can cause sputtering.  Normally, only one percent of the incident ion energy 
will reappear as the energy of the sputtered atom; ninety nine percent of the energy is dissipated 
as heat.  Described below are some of the main features of a typical sputter deposition technique 
 3.1.2 DC and RF Magnetron Sputtering 
This is a crossed field plasma technique that not only reduces impedance and permits 
operation at relatively low pressure but also substantially reduces substrate bombardment.  A 
wide variety of these sputter sources are available commercially.  The high deposition rates 
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result from the high power that can be applied at nearly optimal target potentials. RF magnetron 
sputter sources operate in much the same manner as DC magnetron sputter sources.  There are, 
however, some important complicating factors and the operating point for the RF magnetron 
source is generally located at a higher potential than that of the DC magnetron source.  DC and 
RF magnetron sputtering techniques have been used for this thesis work.   
 3.1.3 Quartz Crystal Microbalance  
The universally employed technique for in situ monitoring of the thickness of thin films 
is based on the use of quartz crystal oscillators.  Because the mass of the film is sensed the 
technique is also known as the quartz crystal microbalance method.  In this work Maxtek 
thickness monitor (Model TM-350/400) was used for deposition rate calibration.  The deposition 
rate is calculated by dividing the change in thickness between measurements by the time between 
measurements.  To calibrate the monitor, material density and acoustic impedance must be 
established. 
 3.1.4 MH Looper  
 
M-H Looper is an instrument that characterizes a magnetic material by plotting an M-H 
Loop, which is the fingerprint of any magnetic material.  The M-H Loop is a simple plot of the 
magnetization (M) of a magnetic sample versus the applied magnetic field (H).  A simple block 
diagram of the Looper is shown in figure 3.1 [21].  The M-H Loop of any magnetic material 
makes possible an understanding of the complex magnetization processes in the material.  The 
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M-H loop identifies four main commonly used material parameters; saturation magnetization 
(Ms), coercive field (Hc), anisotropy field (Hk), and remnant magnetization (Mr). 
 
 
Figure 3.1 General Block diagram of M-H Looper 
 3.1.4.1 Block Diagram Explanation 
Two pairs of Helmholtz coils serve as sources of external magnetic fields.  The primary 
coils provide a field coaxial to the direction for which magnetization changes are observed by the 
sense coils.  Secondary pair of Helmholtz coils serves to provide a transverse field to allow more 
complex measurements and are not used in the measurements reported here.  There exist two 
identical sense coils, one a balance coil and the other, a pick-up coil; placed in the region of 
uniform field from the Helmholtz coils.  The balance coil, with its position in space and number 
of turns, nullifies the signal output from the pick-up coil when the sample is absent, thus giving a 
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net ‘zero’ output.  When a sample is present, the pick-up coil induces a voltage proportional to 
the time variation of the magnetization of the sample, i.e. dM/dt.  This signal is then amplified 
with a low noise amplifier, which operates in differential mode to cancel the common signal 
coming in, thus giving a high common mode rejection ratio (CMRR), which is required for the 
low amplitude signals.  This differential voltage signal is then integrated with respect to time to 
get the magnetization values (M), which are finally plotted against the field points (H). 
 
 
Figure 3.2 Top view of the Looper assembly 
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 3.1.5 Secondary Ion Mass Spectroscopy 
 
The mass spectrometer, a common tool in the chemistry laboratory for the analysis of 
gases, has been dramatically transformed in recent years to create secondary ion mass 
spectroscopy (SIMS) apparatus capable of analyzing the chemical composition of solid surface 
layers.  SIMS is capable of detecting almost all of the elements in the periodic table.  The 
sensitivity of SIMS is much higher than other chemical characterization technique.  Lower 
concentration levels than 1 ppm are detectable in certain instances.  The price paid for such high 
sensitivity is a complex spectrum of peaks, corresponding to the masses of detected ions and ion 
fragments.  This necessitates the use of standards, composed of the specific elements and 
matrices in questions, for quantitative determinations of composition. 
  In SIMS a source of ions bombards the surface and sputters from its outermost film layer 
as neutral atoms, for the most part, but also positive and negative ions.  Once in the gas phase, 
the ions are mass analyzed in order to identify the species present as well as determine their 
abundances.  Since it is the secondary ion emission current which is detected in SIMS, high 
sensitivity analysis requires methods for enhancing the sputtered ion yields. 
The primary ions most frequently employed are Ar+, O2-, and Cs+, and these are focused 
into a beam with energy ranging from 2 to 15 keV (O2- is typically used for detection of 
electropositive species, and Cs+ for electronegative species) .Sputtered charged atoms and 
compound fragments that are extracted enter an electrostatic energy analyzer similar to the 
cylindrical and spherical electron energy analyzers employed in AES and XPS work.  Those 
secondary ions which pass now enter a magnetic sector mass filter whose function is to select a 
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particular mass for detection.  The desired ion of mass M, charge q, and velocity v traces an arc 
of radius r in the magnetic field (B) of the electromagnet, given by 
qB
Mvr =  
Two modes of operation are possible.  In the imaging mode, B is fixed and simultaneous 
projection of ions of different mass on the channel plate yields mass spectra maps in the form of 
an ion micrograph.  In the mass spectroscopy mode, B is scanned and each ion mass is 
sequentially detected by the electron multiplier detector.  Magnetic sector mass filters possess 
high resolution capability (M/∆M~ 3000-20,000).  Another common version of SIMS employs a 
quadrupole lens of lower resolutions, i.e., M/∆M~500. 
 3.1.6 Stylus Method Profilometry 
A profilometer is a basic tool that allows measurement of the physical thickness and 
surface roughness of films.  One of the other important applications of stylus measurement is to 
determine the depth of a sputtered crater during depth profiling analysis by AES or SIMS.  This 
method consists of measuring the mechanical movement of a stylus as it is made to trace the 
topography of a film-substrate step.  A diamond needle stylus with a tip radius of 10micrometer 
serves as the electromagnetic pick up.  The stylus force is adjustable from 1 to 30 mg, and 
vertical magnifications of a few thousand up to a million times are possible.  Film thickness is 
directly read out as the height of the resulting step contour trace.  The procedure to make the 
steps is described in the following chapter.  Stylus penetration and scratching of the films, 
substrate roughness and vibration of the equipment can affect the accuracy of the measurement 
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 3.2 Experiments to achieve a good soft magnetic properties for  thin films 
 3.2.1 Substrate preparation 
Silicon substrates were used for the experiments.  The Si substrate used was a p-type Si (100) 
wafer with the sheet resistivity in the range of 2-20Ω.cm.   
Contaminants present at the surface of the silicon wafers at the start of processing, or 
accumulated during processing have to be removed at specific processing steps in order to obtain 
desired properties.  SC1 and SC2 cleaning (modified RCA cleaning) was used to remove 
organic, ionic and heavy metal contaminants from the silicon wafers.   
The SC1, SC2 procedure has two major steps executed sequentially: 
Removal of insoluble organic contaminants using 6:1:1 H2O/H2O2/NH4OH solution.   
Removal of ionic and heavy metal atomic components using a solution of 6:1:1 H2O/H2O2/HCl 
solution. 
The SC1 solution was prepared by heating the solution of NH4OH and H2O in the ratio of 6:1 till 
a temperature of 75oC.  1 part of H2O2 was then added to the solution just prior to immersing the 
Si wafers.  The wafers were cleaned for 15 minutes.  This was followed by a DI water rinse for 5 
minutes.   
For SC2, the SC2 solution was prepared by heating the HCl and H2O in the ratio 6:1 to 75oC.  
H2O2 was added just prior to immersing the SC1 cleaned wafers in the solution.  A 15 minutes 
SC2 clean was followed by 5 minutes DI rinse, after which the wafers were blown dry using a N2 
gun. 
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 3.2.2 Thin film deposition 
The FeBNi amorphous films were co-sputtered using separate Fe, BN and Ni targets, in 
argon ambient.  The FeBMn amorphous films were co-sputtered using Fe-Mn (50-50 alloy), BN, 
Fe targets, in an argon ambient.  The films were deposited using an ultra-high vacuum DC or RF 
magnetron sputtering.  The base pressure in the chamber was approximately 5x10-8 Torr.  The 
argon gas flow was kept constant at 20 sccm and a constant deposition pressure of 2 mTorr.  
These samples were then characterized by different techniques including MH Looper and SIMS. 
 3.2.3 Deposition rate calibration 
The quartz crystal microbalance is used to calculate the deposition rate of individual 
targets .It was necessary to insert the density and impedance value of any material and then at 
different powers the deposition rate (Ǻ/min) was calculated.  It was realized that to measure the 
deposition rate effectively, first the targets should be sputtered for some time (10-15minutes) so 
that they can come into thermal equilibrium and then start taking the readings.  At the start, the 
deposition rate will be lower and with time it increases.  After it reaches a thermal equilibrium, 
the deposition rate will become constant. 
It was noticed that the deposition rate changes with target life and this change was not 
same for all the targets.  It was observed that for the ferromagnetic targets Fe and Ni, during the 
start of target life, the deposition rate increased and then for some period it remained constant 
and at the end of the target life the deposition rate decreased.  For BN the deposition rate does 
not change much with target life as the deposition rate was very small.  To control the deposition 
rate, the quartz crystal was monitored frequently and the powers were adjusted to get the desired 
22 
composition.  Fe80-xNixB20, with 0 ≤x ≤ 60 alloys were deposited in the form of 100 nm thin film.  
(Detail parameters are given the appendix). 
 3.2.4 Types of films deposited 
Preliminary experiments were done to investigate as-deposited and annealed behavior of 
thin films.  Fe1-x-y-zBxSiyCz thin films were deposited for this purpose.  Subsequently our studies 
focused on to FeBNi and FeBMn thin films.  For these experiments, the target power was varied 
for Fe, Ni, SiC, and Fe-Mn targets.  Low boron deposition rate from BN target limited the other 
deposition rate.  To provide films of the desired composition a constant high power was used for 
BN target.  The Fe, Ni, Fe-Mn were DC sputtered and BN and SiC were RF sputtered.  Thin 
films were made with and without a magnetic field.  Thin films deposited with a magnetic field 
were used to measure magnetostriction and as-deposited anisotropy field and films deposited 
without a magnetic field were used for field annealing. 
 3.2.4.1 Films made with a magnetic field 
The magnetic field present during the deposition was 200 Oe, which was used to get 
anisotropy in the film.  The magnetic anisotropy describes the preference of the magnetization to 
lie in a particular direction.  This was provided by the array of magnets especially patterned to 
form a circle, as shown in the figure 3.3. 
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Figure 3.3 Array of magnets used for controlling anisotropy in the films 
 3.2.4.2 Films made without a magnetic field 
The same compositions of FeBNi and FeBMn films were also made without a magnetic field. 
 3.2.5 Looper measurement 
An M-H Looper was used to characterize the magnetic properties of thin films.  Hc and Hk 
values were obtained from the loop.  Hc is the field needed to restore the magnetization to zero.  
The in-plane anisotropy is the field, Hk, needed to saturate the magnetization in the hard 
direction.  It was observed that some films showed high Mr/Ms ratio due to presence of mixed 
anisotropy (i.e when all the magnetic domains are not aligned along easy axis which lead to 
incorrect anisotropy field).  As the quality of the loops was not good (due to high Mr/Ms ratio 
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and high Hc values) in all the cases, to get correct values of Hk, a integral based model was used 
to extract Hk values.  To obtain the saturation magnetization values the M-H looper was 
calibrated with the Ni foil. 
 3.2.6 Encapsulation 
The films made without a magnetic field were cut into small pieces (20-40mm × 3-5mm) 
which were enclosed in a pyrex tubing with Ta foil and encapsulated at high vacuum (5 × 10-6 
Torr). 
 3.2.7 Compositional analysis by using SIMS 
SIMS is an analytical technique that was used to characterize the surface and near surface 
region of materials.  It is capable of detecting practically all elements, including boron with 
detection limits in ppm range for most elements.  The Cameca IMS-3F SIMS ion microsope was 
used,which has a 1micrometer lateral resolution, from 200 to more than 10000 mass resolution, 
depth resolution is about 8nm, and contains a magnetic sector mass analyzer.  The SIMS analysis 
is subject to chemical enhancements of secondary ion yields.  The secondary ion yields are 
affected by the change in matrix composition [22].SIMS shows matrix effects, differences in 
sensitivity for a given element in samples of different composition.  This is due to changes in 
ionization efficiency and/or sputtering yield.  With the use of reactive primary ions (O2-, Cs+), 
small changes in sputtering yield often produce large changes in ionization efficiency, therefore 
the matrix effects are often complex. 
25 
 3.2.8 Thickness measurement 
The physical thickness of the film is needed to calculate saturation magnetization.  The 
thickness measurement is done by using a stylus profilometer.  The pieces of thin films are 
covered by tape leaving a small area exposed and then etched in a diluted nitric acid solution to 
make a step in the film. 
 3.2.9 Magnetostriction measurement 
The M-H looper method utilizes an inverse λ effect by measuring the change in film 
anisotropy induced by application of anisotropic strain.  G.Choe and B.Megdal reported a non 
destructive high precision M-H looper bending technique for measuring 10-7 of magnetostriction 
in thin films (150Ǻ).[23].  Here a bending technique using the M-H looper is reported that offers 
the capability of measuring 10-6 of magnetostriction for thin films(100nm).The method of 
applying strain is shown in figure 3.4 
 
Figure 3.4 Magnetostriction measurement setup  
26 
The sample has dimensions of 24 mm x 60 mm.  The X axis will be along the 60 mm length.  
The Y axis will be along the 24 mm width.  The sample is deposited with the easy axis along the 
X axis direction.  The sample is measured with a field along the Y axis direction, obtaining a 
hard axis loop, gives Hk(0) .  When the sample is bent, it is bent about/around the Y axis, 
meaning that the ends that are 60 mm apart are pushed down and the middle is pushed up.  A 
portion of a circle is formed.  This can be done with the film side on the outside of the circle 
(tension, Hk(+ε) is measured under tensile strain, +ε) or on the inside of the circle (compression, 
Hk(-ε) is measured under compressive strain, -ε). 
)0()()( kkk HHH −+=+∆ εε  
)0()()( kkk HHH −−=−∆ εε  
The anisotropy change induced by the strain is determined by subtracting ∆Hk(-ε) from ∆Hk(+ε) 
)]()([
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Where Ms is the saturation magnetization, E and ν  are the Young’s modulus and Poisson’s ratio 
for the film respectively.  Initially for magnetostriction measurement, thin films deposited on a 
glass substrate were used.  But this showed poor quality of loop.  Hence glass slides with 
approximately 100nm tantalum layer were used as substrate. 
 3.2.10 Annealing experiments of films 
The Fe80-xNixB20 amorphous thin films in the range 0 ≤x ≤ 40 were deposited on silicon 
substrate without a magnetic field.  The non magnetic films were encapsulated in pyrex tubing 
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and were annealed in the presence of magnetic field.  The magnetic field is applied along the 
short sample axis.  The induced anisotropy is measured along the perpendicular to the annealing 




CHAPTER : 4 RESULTS & DISCUSSIONS 
Preliminary experiments were done to investigate as-deposited and annealed behavior of 
thin films.  FeBSiC thin films were deposited for this purpose and it was found that as-deposited 
thin films show higher Hk (15Oe) but after annealing it decreases to 6Oe or less.  Subsequently, 
various experiments were performed to characterize the magnetic properties of amorphous 
FeBNi and FeBMn thin films.  This section describes the result obtained from various 
experiments.    
 4.1 Amorphous phase determination 
Amorphous Fe80-xNixB20 thin films were deposited on silicon and glass substrates by using 
Fe, Ni and BN sputtering targets.  Transmission electron microscopy (TEM) was used to verify 
the amorphous phase of the Fe80-x NixB20 alloy.  TEM showed the presence of amorphous phase.  
Figure 4.1 showed the typical electron diffraction pattern for amorphous phase.  Figure 4.2 
showed the high resolution TEM images for Fe56Ni24B20 alloys.  There are no crystalline regions 
found in the TEM images. 
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Figure 4.1 Diffraction pattern of Fe56Ni24B20 alloy 
 
Figure 4.2 HRTEM of Fe56Ni24B20 alloy 
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 4.2 Induced Anisotropy of as-deposited Fe80-xNixB20 thin films 
Amorphous Fe1-xBx thin films were deposited and it was observed that optimal Hc and Hk 
values were obtained for Fe80B20 films which agreed with literature data [24].  Subsequently the 
transition metal Fe was substituted with Ni, keeping the metalloid concentration constant.  Fe80-
xNixB20 (0≤ x ≤60) amorphous thin films were deposited.  Figure 4.3 and figure 4.4 show the 
typical M-H loops for the Fe50Ni30B20 amorphous alloy on Si and glass substrate, respectively  
Amorphous alloys of this range showed reproducible trend as shown in figure 4.5.  It can 
be observed from the figure 4.5 that as the percentage of Ni concentration increases the Hk starts 
increasing and then after reaching a maximum value it starts decreasing gradually.  In the 
literature [10] it was also reported that as the percentage of Ni increases the Hk starts increasing 



















































































Figure 4.5 Variation of Hk with percent nickel concentration
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As-deposited Hc and Hk values for Fe80-xNixB20 amorphous thin films are given in table 
4.1 and table 4.2 that represent the data values shown in figure 4.5 .The data points in the tables 















Fe (%) Ni (%) B (%) Hc (Oe) Hk(Oe) Hc(Oe) Hk(Oe) 
80 0 20 2.711531 9.721764 4.954412 9.190099 
72 8 20 0.912086 17.64113 5.208484 17.07037 
64 16 20 0.753079 18.4608 2.768897 18.12109 
60 20 20 0.667086 19.40977 3.449707 18.98268 
56 24 20 0.778369 21.86153 1.775084 20.19783 
52 28 20 0.953623 20.8667 1.879281 19.59832 
48 32 20 1.043049 22.22585 1.70822 22.22113 
40 40 20 0.659858 21.83548 1.672907 20.89987 
Table 4.1 Hc and Hk values of various FeBNi_3 amorphous alloys deposited on 











Fe (%) Ni (%) B (%) Hc(Oe) Hk(Oe) 
80 0 20 0.559 11.763 
72 8 20 0.947 16.441 
64 16 20 1.223 17.271 
60 20 20 0.983 21.68 
56 24 20 0.859 24.629 
52 28 20 0.894 23.451 
48 32 20 0.741 21.914 
40 40 20 0.739 21.112 
Table 4.2 Hc and Hk values of various FeBNi_1 amorphous alloys, deposited on  
silicon substrate using one BN target 
 4.3 Induced Anisotropy of annealed Fe80-xNixB20 thin films  
 The Fe80-xNixB20 amorphous thin films in the range 0 ≤ x ≤ 40 were also deposited on 
silicon substrates without a magnetic field.  The non magnetic films were encapsulated in 
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pyrex tubing and were annealed in the presence of magnetic field.  The magnetic field is 
applied along the short sample axis.  The induced anisotropy is measured along the 
perpendicular to the annealing filed direction.  The thin films were annealed at 200°C, 250°C, 
280°C, 320°C, 360°C and for different times.   The annealing temperature profiles of 250°C 
and 360°C are given in the figure 4.6 and 4.7.  The annealing temperature profile for 280°C 
and 320°C are similar to 360°C.  The films, annealed at 200°C were furnace heated and 
cooled, and the annealing time was 14 hours. 























Figure 4.6 Annealing temperature profile for 250°C 
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Figure 4.7 Annealing temperature profile for 360°C 
M-H loops of the thin films, deposited without a magnetic field are shown in the 




























Figure 4.8 Isotropic loop of non magnetic thin film deposited on Si substrate 
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% N200°C 200°C 250°C 250°C 280°C 280°C 320°C 320°C 360°C 360°C 
 Hk Hc Hk Hc Hk Hc Hk Hc Hk Hc 
0 2.57 1.8 3.51 1.0 NA 0.9 NA 3.0 NA  
8 8.36 1.6 NA 1.9 NA 2.2 6.81 4.0 6.53 10.2 
16 17.70 0.5 7.42 2.2 8.01 3.1 7.89 4.0 10.74 5.3 
20 20.97 1.0 12.14 2.5 8.48 2.4 10.46 3.5 11.15 6.5 
24 22.59 1.5 NA 1.9 7.95 2.3 9.02 4.0 NA  
28 26.02 0.3 16.34 3.4 10.35 2.9 5.84 4.0 13.20 6.4 
32 28.17 0.7 22.72 2.0 15.26 1.3 11.09 1.1 13.91 1.6 
40 28.41 4 12.60 0.4 10.62 1.8 11.08 1.1 13.43 2.1 
Table 4.3  Summary table of the Hc and Hk values 
Typical M-H loops of the annealed thin film are given in the figure 4.9.From the 
annealing data it is seen that the maximum value of Hk is 28 Oe and that of the as-deposited 
films is 21 Oe, which is contrary to that expected.  A possible reason for the above anomaly 
could be the bad quality of loop (Mr/Ms ratio and Hc are high); however a visual inspection of the 
loop overrules this case.  This leads to the presumption that the magnetic domains are not 
properly aligned in the case of the as-deposited films. 


























Figure 4.9 M-H loops of low temperature long time annealed amorphous Fe48Ni32B20 thin film 
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As shown in Figure 4.10 and 4.11, the field induced Hk of the Fe-Ni-B amorphous thin 
films depend strongly on the Ni concentration, as well as on the annealing conditions, 
specifically time and temperature of the annealing process.  The low temperature, long time 
annealing showed higher Hk and as the temperature increases the Hk started to decreases except 
for films that were annealed at 360°C.  The films, annealed at 360°C showed higher Hk than 
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Figure 4.10 Variation of Hk with anneal temperature for different composition, the solid curves are drawn 



















Figure 4.11 Variation of Hk with Ni percentage at different temperatures 
 Two competing factors, Ms (Ta) – the saturation magnetization at the annealing 
temperature (Ta) and mobility of atoms in the amorphous alloy , create the optimum annealing 
temperature at which the Hk is maximized.  At a lower annealing temperature, the saturation 
magnetization is higher, thus offers a potential of reaching higher Hk.  However, at that lower 
temperature, it requires longer annealing time for an effective treatment, by rearranging the 
amorphous material in a short range, atomic scale.  Therefore, for the Fe-Ni composition, the 
desired Hk can be controlled by the annealing condition.  In practice, if higher field induced 
anisotropy is desired, an annealing process with relatively lower annealing temperature, and 
longer annealing time can be used. 
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 4.4 Effect of annealing time on Hk of Fe80-xNixB20 thin films 
The Fe80-xNixB20 thin films for x = 24, 32, 40, were annealed at 320°C for different times.  
The annealing temperature profiles are shown in the figure.4.12 and 4.13  























Figure 4.12 Annealing temperature profile for 320°C 























Figure 4.13 Annealing temperature profile for 320°C 
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It can be concluded that if the films are allowed to anneal for longer time, then Hk 
increases as shown in the table 4.4.  The M-H loops are shown in the figure 4.14 and 4.15 
Composition Temperature Time Hc(Oe) Hk(Oe) 
Fe56Ni24B20 320°C 1 min 3.5 7.68 
Fe48Ni32B20 320°C 1 min 1 9.87 
Fe40Ni40B20 320°C 1 min 0.9 11.46 
Fe56Ni24B20 320°C 75min 4 9.02 
Fe48Ni32B20 320°C 75min 1.1 11.09 
Fe40Ni40B20 320°C 75 min 1.1 11.08 























































Figure 4.15 M-H loops of Fe48Ni32B20 thin films annealed at 320°C for 75 min 
 4.5 Effect of cooling rate on  Hk of ribbon samples and sputtered films 
A series of experiments were done to investigate the effect of cooling rate on Hk of ribbon 
samples and thin film samples.  For these experiments, thin films having a composition of 
Fe48B20Ni32 were deposited.  A piece of ribbon sample, of VAC 4613 and the thin films sample 
were stacked together so that they have same cooling rate, annealing time and annealing 
temperature.  The Hk values for ribbon samples and thin film samples are given in table 4.5.  The 
M-H loops of ribbon samples and thin films at different cooling rate are given in the figure 4.16 
to 4.19.  It can be seen from table 4.5 that  when thin films and ribbon samples were slowly 
cooled, showed similar Hk but when they were fast cooled, the ribbon sample shows much lower 
Hk than the thin films.  It can be concluded that anisotropy field of ribbon samples degraded with 
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fast cooling whereas thin films showed higher Hk even at fast cooling.  The reason behind this 
could be higher Curie temperature for thin film samples. 
Temp Time Heating rate Cooling rate HK of film Hk of ribbon 
320 60 Fast Slow 13.31129 10.90248 
360 10 Fast Fast 10.36277 4.737295 
360 10 Fast Slow 11.09748 10.72589 










































































































Figure 4.19 M-H loops of VAC 4613 ribbon sample annealed at 360°C for 10 min and slow cooled 
 4.6 Composition Analysis using SIMS  
A quartz crystal microbalance was used to measure the deposition rates and hence the 
targets powers required for different compositions.  X-ray photo electron spectroscopy (XPS) 
and Rutherford back scattering spectrometry (RBS) were initially explored to confirm the 
chemical composition.  But XPS could not detect boron and showed some contamination due to 
poor vacuum in the XPS system.  RBS also failed to confirm the composition due to the light 
atomic mass of boron.  So it was decided to use SIMS to measure the chemical composition as 
SIMS is very sensitive to low detection limit. 
To quantify the chemical composition using SIMS, a reference sample is required.  There was no 
exact reference sample (Fe80-xNixB20) present.  Hence 2826MB (Fe40Ni38B18Mo4) which contains 
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4 percent Mo was used.  So to measure the composition trend, the transition metal ion count rates 
were normalized with that of boron. 
SIMS shows matrix effects and these effects vary with different beams.  Oxygen and 
cesium beam were used for SIMS analysis.  In case of oxygen beam, as the concentration of Fe is 
increased, the count of detected Fe ions increased linearly as expected and then remained 
constant at higher concentrations, shown in figure 4.20.  The same pattern has been observed for 
Ni concentrations too, shown in figure 4.21.  The Fe/B ratio and Ni/B ratio were plotted with Ni 
concentration and it was observed that the count for the reference ribbon sample does not follow 
the same trend.  This indicates that the 2826 MB is not a suitable reference sample. 
 



















Figure 4.20 Variation of detected Fe ion as a function of Ni at normalized boron using oxygen beam 
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Figure 4.21 Variation of detected Ni ion as a function of Ni at normalized boron using oxygen beam 
Subsequently when cesium beam was used, (figure 4.22 and 4.23) a similar trend was 
observed, (the Ni/B count increases with increasing nominal nickel concentration and then 
saturates at higher concentration of nickel) for nickel concentration but for iron a linear response 
was observed.  The reason behind that is not known. 
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Figure 4.22 Variation of detected Fe ion as a function of Ni at normalized boron using cesium beam 





















Figure 4.23 Variation of detected Fe ion as a function of Ni at normalized boron using cesium beam 
Additionally CsFe and CsNi cluster ions were monitored instead of Fe and Ni ions.  The 
Fe/B and Ni/B ratio increased with increasing concentration of nickel and a saturated region was 
not observe, (figure 4.24. and 4.25).  Again in this case, the ribbon sample does not coincide with 
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the sputtered film trend.  This confirms that 2826 MB is not an appropriate reference sample and 
the reason can be the matrix effect due to presence of small percentage of Mo.  It can be 
concluded that to know the chemical composition trend, it is preferable to use Cs+ bombardment 
and monitoring positive cluster ions of the type CsFe+, CsNi+ (since no odd matrix effect is 
observed) rather than only Fe and Ni ions.  Y.Gao [25] also found that by monitoring cluster 
ions, effects of the changing matrix on the ion yields of the major elements are minimal.  It 
should be noted that the concentration of Ni shown in the above plots has been calculated using 
the data obtained from quartz crystal microbalance. 

























Figure 4.24 Variation of detected CsFe cluster ion as a function of Ni at normalized B using Cs beam 
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Figure 4.25 Variation of detected CsNi cluster ion as a function of Ni at normalized B using Cs beam 
 4.7 Saturation magnetization of Fe80-xNixB20  
To measure saturation magnetization, thin films were deposited on a glass substrate with a 
Ta underlayer.  The M-H looper was used to measure saturation magnetization and it was 
calibrated with a Ni foil to get the magnetization values in emu.  To get the Ms values (emu/cc), 
the physical thickness was measured using stylus profilometer.  It was observed that saturation 
magnetization values for Fe80-xNixB20 thin films decreases monotonically from that of Fe80B20 as 
shown in the figure 4.26.  O’Handley et al [26] synthesized metallic glasses in the form of 
ribbons, and reported a similar trend, though lower values were obtained than for our as-
deposited thin films.  It was also observed that saturation magnetization values for the annealed 
49 
thin films were similar toO’Handely’s ribbon samples.  The figure 4.36 represents the numerical 
values given in the table.   
 Experimental Literature 
Nominal Ni% Ms(Gauss) Ms(Gauss) 
0 17384 15767 
12 17324 14842 
16 17767 14383 
20 15372 13849 
24 15088 13239 
28 13516 12553 
32 14175 11792 
40 13093 10044 
























Figure 4.26 Variation of saturation magnetization with Ni concentration 
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 4.8 Magnetostriction Measurement 
The magnetostriction of the thin films was measured by using B-H looper bending method.  
The detail procedures are given in the third chapter.  When the film is in tension, and the strain 
along the X axis is positive, the magnetization tends to lie more strongly parallel to the X-axis.  
This is evidence for positive magnetostriction.  The field necessary to pull the magnetization 
away from the X-axis increases.  Thus the Hk for the hard axis loop (in Y direction) increases.  
The direction for which Hk increases is the direction for which the strain is negative. 
Lower magnetostriction values can be observed for Fe80-xNixB20 thin films containing lower 
values of x, as shown in the figure 4.27.  This is due to the bad quality of the loops (i.e. very high 
Hc).  It was observed that for alloys with x = 16 to x = 60 showed decreasing trend though the 





















Figure 4.27  Saturation magnetostriction as a function of nickel concentration 
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It was noted that the deviation of as-deposited values from that of the literature increased 
linearly with Mr/Ms,as shown in the figure 4.28.  To improve the accuracy of the 
magnetostriction values, a model was used which can take account of non-zero Mr/Ms values.  It 














Figure 4.28 Variation of deviation with Mr/Ms
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Figure 4.29 Correction factor model 
Figure 4.30 shows that even after correcting the measured Hk values, the magnetostriction 
values for thin films are significantly lower than that of the ribbon samples [20].The lower values 
may be attributed to less relaxed structure of thin films compared to ribbon samples.  Table 4.7 






















Figure 4.30 Magnetostriction behavior with increasing nickel concentration 
  
As-deposited 





Ni% λs(ppm) λs(ppm) Error Hc Mr/Ms λs(ppm) 
0 10.3 32.0 21.70 3.54 0.39 17 
12 11.2 27.0 15.80 2.72 0.23 14 
16 14.8 25.0 10.20 2.77 0.17 18 
20 14.4 23.0 8.60 2.06 0.12 16 
24 13.1 21.0 7.90 1.78 0.10 14 
28 11.6 19.0 7.40 1.88 0.11 13 
32 11.1 16.5 5.40 1.71 0.09 12 
40 8.8 14.0 5.20 1.67 0.08 10 
60 3.4 3.0 0.40 1.05 0.11 4 
Table 4.7 Experimental, literature and corrected magnetostriction values 
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 4.9 Magnetostriction of annealed samples 
The FeBNi amorphous thin films deposited on glass substrates were annealed at a low 
temperature for long time.  The same correction of Hk based on Mr/Ms was used for the annealed 
samples.  As noticed in the Table 4.8, the magnetostriction values increased after annealing, and 
these values are comparable to the room temperature ribbon sample data [20] .The plot of 
magnetostriction with Ni concentration is shown in the figure 4.31 
 Annealed As-deposited As-deposited 
 Thin film Thin film Ribbon[27] 
Nominal 
Ni% λs(ppm) λs(ppm) λs(ppm) 
20 21 16 23.0 
28 18 13 19.0 
32 15 12 16.5 























Figure 4.31 Magnetostriction coefficient (λs) as function of nickel concentration of annealed amorphous 
Fe-Ni-B alloys 
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It can be noticed that the annealed magnetostriction values are higher than that of as-
deposited films due to higher ∆Hk.  From table 4.9, it can be seen that when the films are relaxed 
(without applying strain) Hk is similar for the as-deposited and annealed films, but the Hk change 
with strain is greater for the annealed films.  This increase may be attributed to the structural 
changes due to relaxation of the amorphous structure.  It can be concluded that as-deposited thin 
films may not be representative of ribbon samples but that annealed thin films can be comparable 








 Hk Hk Hk Hk ∆Hk ∆Hk
%Ni Si Si Glass Glass Glass Glass 
20 21.68 20.97 18.98 14.5 8.02 9.8 
28 23.45 26.02 19.59 20.15 8.27 12.68 
32 21.91 28.17 22.22 19.5 7.57 11.06 
Table 4.9 As- deposited and annealed Hk values of FeNiB amorphous films deposited on silicon and glass 
substrate 
 4.10 Substitutuion of Mn in FeB alloys 
Our primary aim was to reduce the manufacturing cost of the resonator alloys.  As Mn is 
cheaper than Ni, FeBMn films were also deposited and analyzed.  It was observed that good 
quality loops (low Hc and high Hk) can be obtained for Fe80-xNixB20 films but this was not true for 
Mn.  It can be noticed from the figure 4.32 , as Mn was added Fe80-xMnxB20 alloys with 0 ≤ x ≤ 4 
the Hk increases till x=2 but as the x exceeds 2, the loop quality starts to deteriorate which means 
Hc starts increasing.  Fe80-xMnxB27 (Figure 4.33) alloys showed good quality of loops until x = 4.  
It can be observed that the highest value of Hk occurred at x = 0.5 and has lowest value at x = 0.  
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As-deposited Hc and Hk values for Fe80-xMnxB20, Fe80-xMnxB27 amorphous thin films given in 
table 4.11 and table 4.12, represent the data values shown in figure 4.32 and 4.33 respectively.  
The data points in the tables are taken from the M-H loops.  It was observed that the Hk increase 
per atomic percentage (Oe/atomic percent) for nickel was 0.2-0.5 Oe/percent where as for 
manganese it is 7.7 Oe/percent when 0.5 atomic percent Mn is added.  Thus it can be concluded 
Mn can be added in FeBNi alloys to reduce the nickel content so that the effective cost of the 
alloy composition decrease further. 
%Fe %B %Mn Hc Hk
80 20 0 0.559 11.763 
79.5 20 0.50 1.465 15.359 
77.47 21.53 1.00 0.986 14.228 
77.23 21.34 1.43 0.879 13.710 
76.82 21.02 2.16 1.380 12.253 
76 20 4 4.928 13.450 
Table 4.10 Hk values of Fe80-xB20Mnx alloy 
%Fe %B %Mn Hc Hk
73 27 0 0.74 10.57 
72.18 27.31 0.51 1.46 14.53 
71.96 27.03 1.01 0.95 12.96 
70.93 27.05 2.02 1.00 14.66 
69.28 27.68 3.04 0.96 12.35 
68.89 27.12 3.99 0.92 10.53 
Table 4.11 Hc, Hk values of Fe73-xB27Mnx alloy 
Efforts were made to investigate annealed FeMnB alloys .However the films were crystallized 
when annealed, even at lower temperature The Fe80-xMnxB27 films were annealed at 260°C, 
300°C, 320°C.  Hence it can be assumed that Fe B Mn alloy have much lower crystallization 

















































CHAPTER : 5 CONCLUSION 
The major goal of the present work was to examine the magnetic properties of several 
transition metal-metalloid alloy series for resonator application.  The alloys studied included 
Fe80-xNixB20, Fe80-xMnxB20, and Fe73-xMnxB27.  These alloys were prepared by co-sputter 
deposition in an ultra high vacuum chamber.  The FeNiB films were deposited using separate Fe, 
Ni and BN targets and FeMnB films were deposited using separate Fe, Fe-Mn, BN targets.  
Films with different compositions of Fe, Ni and B were deposited by varying respective target 
powers using a quartz crystal microbalance.  SIMS was used to analyze the composition trends.  
M-H loops for the same samples were studied in detail to obtain induced anisotropy, saturation 
magnetization, magnetostriction..  FeNiB and FeMnB film were annealed at different 
temperatures and the effect of annealing conditions was studied. 
The field induced Hk of the Fe-Ni-B amorphous thin films depends strongly on the Ni 
concentration as well as on the annealing conditions, specifically the time and temperature of the 
annealing process.  The low temperature long time annealing showed higher Hk, and as the 
temperature is increased, Hk started to decrease.  The sputter deposited films showed a similar 
trend as ribbon samples of same composition  
Saturation magnetization values for Fe80-xNixB20 thin films decrease monotonically from 
that of Fe80B20.  The thin films showed higher magnetization than ribbon samples of same 
composition. 
Saturation magnetostriction values decrease linearly with addition of nickel.  A similar 
trend was observed for ribbon samples, but the thin films have lower values.  It can be concluded 
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that as-deposited thin films are not representative of as-cast ribbon samples.  The annealed thin 
films showed higher magnetostriction values than as-deposited thin films of same composition 
and these values are comparable to as cast ribbon samples. 
FeMnB films were studied on similar basis, by varying the composition with the help of 
variation in target powers, using quartz crystal microbalance.  The potential composition 
modification to improve the strength of the field induced anisotropy is the addition of low levels 
of Mn.  Sputter deposited FeMnB alloy thin films indicated a significant (3 to 4 Oe) increase in 
Hk for small amount (0.5%) of Mn additions to FeB.  This increase is much greater than that 
obtained by Ni additions to FeB, which are typically less than 1 Oe for each atomic percent of Ni 
added.   
The results from the studies of amorphous transition metal-metalloid alloys suggest the 
need for future work.  To further reduce the materials cost of the resonator alloy a small amount 
of Mn may be added in combination with reduced amounts of nickel.  A change in the 
percentage of boron content could potentially increase the Curie temperature of the material 
which can increase induced Hk.  Furthermore, slight substitution of boron, with silicon can be 
considered.  A different approach is to reduce the magnetostriction (λs) by adding traces of other 




Power, deposition rate, time required for 100 nm thin films 
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    Watt Watt Watt Watt mins A/min A/min A/min 
Fe B Ni Fe BN BN Ni  Fe BN Ni 
80 20 0 110 250 250 0 31 28.9 3.17 0 
72 20 8 110 250 250 8 29 27.6 3.38 3 
64 20 16 100 250 250 15 29 25 3.38 5.6 
60 20 20 89 250 250 19 30 22.7 3.38 7.2 
56 20 24 88 250 250 24 29 22.2 3.38 9 
52 20 28 78 250 250 26 30 19.8 3.38 10 
48 20 32 76 250 250 24 29 19 3.38 11.6 
40 20 40 62 250 250 36 31 15 3.38 14.3 
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